Biological apatite (BAp) crystallite c-axis alignment is known to be a factor in the mechanical function of bone. However, reports are lacking on mechanical properties in the alveolar area and base of the mandible area of the human mandible, which has complex occlusal force. In addition, there are many unclear mechanical properties concerning the relationship with BAp crystallite alignment. We therefore aimed to elucidate the relationship between BAp crystallite alignment and Young's modulus in the alveolar area and base of the mandible area in human mandible cortical bone. The effect of occlusal force on bone quality at first molar in the mandible was also discussed.
Introduction
Bone, a composite material which includes apatite and collagen, plays an important role in supporting the body, movement, and hematogenesis. Determining bone strength is essential in evaluating its condition. In addition, an increasing number of reports in recent years have claimed that bone strength assessment can be used to predict risk of bone fracture and other problems 1, 2) . At a National Institutes of Health consensus development conference on osteoporosis held in 2000, the concept of bone quality was newly raised and bone mineral density (BMD) and bone quality identified as indicators of bone strength 3) .
Sasaki et al. reported the direction of alignment of its collagen component to be an important bone quality parameter 4) . Moreover, Ito et al. observed the effects of the structural properties of cancellous bone on macro-level bone strength 5) . Thus, researchers are becoming increasingly focused on how micro-and nano-level parameters affect bone strength.
responds acutely to the surrounding mechanical environment. It has also been reported to influence Young's modulus, an important index of mechanical property 4, 7, 8) .
Nakano et al. reported high BAp crystallite alignment along the direction of stress in rat mandible 9) . A study on monkey mandible found that alignment was mainly along the mesiodistal direction in the base of mandible, similar to that in long bone; in the vicinity of the teeth, however, alignment was predominantly in the occlusal direction, with only little alignment seen in the mesiodistal direction 10) .
In a study on human mandible, BAp crystallite alignment was found to differ between the alveolar part and the base of mandible 11) . However, few studies have investigated Young's modulus in the alveolar part and base of the mandible at the first molar in human. Moreover, to the best of our knowledge, no reports to date have investigated the relationship between BAp crystallite alignment and Young's modulus. Clarification of the relationship between BAp crystallite alignment and Young's modulus would deepen our understanding of the influence of mechanical stress such as occlusal force on bone quality in the human mandible.
The purpose of this study was to investigate the relationship between BAp crystallite alignment and Young's modulus in cortical bone in the alveolar part and base of the mandible at first molar in human mandible cortical bone.
Materials and Methods Specimens
Mandibular specimens including teeth were obtained from 6 Japanese adult cadavers housed at the Department of Anatomy, Tokyo Dental College. The cadavers (age, 49 to 85 years; mean age, 63.0 ± 12.1 years) had normal occlusion and no history of metabolic bone disease. All specimens comprised natural mandibular teeth with a normal interocclusal relationship with the maxillary teeth. None of the specimens or their maxillary opposites showed periapical lesions or marked bone resorption due to periodontal disease. Approval for this study was obtained from the Ethics Committee of Tokyo Dental College (Approval Number 365).
A diagram of the mandibular first molar part is shown in Figure  1 . The mesial (Co1), furcation (Co2), and distal planes (Co3) of the cortical bone in the vicinity of the mandibular first molar, which are strongly influenced by occlusal force, were targeted as parts of interest. To determine BAp crystallite alignment and perform nanoindentation, 3 locations whose frontal place was perpendicular to the occlusal plane were selected and prepared with a diamond cutter (FineCUT, Heiwa Technica, Japan): two directly beneath the contact point with the mesiodistal portion of the first molar, and one at the furcation. Next, the specimens were embedded in epoxy resin, with the underside as the surface to be measured. They were then polished with a series of SiC papers (#400, #800, and #1200) and finished with a 0.05μm alumina suspension using a polishing machine (ECOMET3, Buehler, Germany). Figure 2 shows a diagram of a frontal slice. Each specimen was measured at 8 sites: 2 on the buccal side of the alveolar part (I and II); 4 at the base of mandible (III, IV, V, and VI); and 2 on the lingual side of the alveolar part (VII and VIII). For measurement of sites in the alveolar part (Al), the area from the alveolar crest to the tip of the tooth root was divided equally into 2 sections, with measurement sites on the alveolar crest side being designated as I and VIII and those on the root apex side as II and VII. At the base of mandible (Ba), the range was hemmed by the nadir and cancellous bone. Cancellous bone in the base of mandible was sectioned into 4 areas to create the following measurement sites: the buccal side (III), central buccal side (IV), central lingual side (V), and lingual side (VI). The experimental method used to measure BAp crystallite alignment was the same as that described by Nakano et al 10, 12, 13) . Alignment of BAp crystallites was determined at 3 points within 
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Measurement of Young's modulus
The nanoindentation measurements were performed using a load-control-type nanoindentation system (ENT-1100a; Elionix Ltd., Tokyo, Japan). Specimens were measured after storage for one day in a shield case regulated at 28.0 ± 0.1°C. A diamond Berkovich pyramidal indenter was used for all measurements. The
Haversian lamellae were selected for measurement. A CCD microscope attached to the nanoindentation system was used to ensure avoidance of osteocytic lacunae and Haversian canals. Young's modulus was calculated from the load-depth data using the method documented by Oliver and Pharr 14) . Poisson's ratio was set at 0.30 for bone 15) . The load hold time during maximum load was set at 180 sec to minimize the influence of viscoelastic deformation during unloading; and the constant loading/unloading rate and maximum load (Pmax) were set at 400 ìN/s and 6 mN, respectively, as described by Ishimoto et al 16) . by this nanoindentation technique. Young's modulus was determined at 5 points within each selected area.
Statistical analysis
A two-way analysis of variance (ANOVA) was performed, with structural differences depending on factor A (Al and Ba) and site-based differences of the mandible on factor B (Co1, Co2, and Co3). Subsequently, Scheffé's multiple comparisons were performed.
The relationship between BAp crystallite alignment and Young's modulus was determined by calculating the correlation coefficients. Figure 6 shows BAp crystallite alignment (Co1, Co2, and Co3) determined from the (002)/(310) intensity ratios for measurement sites I to VIII. At all sites, the (002)/(310) intensity ratios were higher than those of the HAp particles, indicating preferential BAp crystallite alignment in the mandible. Intensities were low in alveolar parts I, II, VII, and VIII, but high in the base of mandible at areas III, IV, V, and VI. Table 1 shows the results of the twoway ANOVA. The results show that BAp crystallite alignment was significantly greater in Ba than in Al throughout Co1, Co2, and Co3 (p<0.01). No differences were observed among these three parts (p>0.05). Figure 7 shows BAp crystallite alignment depending on Al and Ba (Al: I, II, VII, and VIII; Ba: III, IV, V, and VI) and site-based differences in the mandible (Co1, Co2, and Co3). Alignment was high in Ba but low in Al, with a significant difference between the two areas (p<0.01).
Results
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These results showed that BAp crystallite alignment was high in the base of mandible in comparison to in the alveolar part depending on structural differences. No site-based differences were observed, however. Figure 8 shows Young's modulus (Co1, Co2, and Co3) for measurement sites I to VIII. Young's modulus tended to be low in alveolar areas I, II, VII, and VIII, but high in the base of mandible at areas III, IV, V, and VI. Table 2 shows the results of the twoway ANOVA. The results show that Young's modulus was significantly greater in Ba than in Al throughout Co1, Co2, and Co3 (p<0.01). No differences were observed between Co1, Co2, and Co3 (p>0.05). Figure 9 shows Young's modulus depending on Al and Ba (Al:
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I, II, VII, and VIII; Ba: III, IV, V, and VI) and site-based differences (Co1, Co2, and Co3). Young's modulus was high in Ba but low in Al, with a significant difference between the two areas (p<0.01). These results showed that Young's modulus was high in the base of mandible in comparison to in the alveolar part depending on structural differences. No site-based differences were observed, however.
Comparison of BAp crystallite alignment and Young's modulus
The data on BAp crystallite alignment and Young's modulus obtained in the present study were used to calculate correlation coefficients to clarify any relationship between the two. Figure   10 shows a graph of the correlation between BAp crystallite alignment and Young's modulus. A positive correlation was observed between BAp crystallite alignment and Young's modulus along the mesiodistal direction in the mandible (p<0.01).
Discussion
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It has been reported that BAp crystallite alignment adapts more sensitively to local stress than BMD, especially in response to chewing stress in the mandible 9) . Sasaki et al. performed an X-ray pole figure analysis using bone from bovine femurs and reported that the c-axis of apatite was strongly aligned along the longitudinal axis of the bone 7) . In a study using bone from human mandible, Bacon et al. suggested that BAp crystallite alignment was related to the direction of mechanical stress 17) , while animal experiments showed alignment in other directions at load-bearing sites 10) .
In the present study, BAp crystallite alignment was investigated at the first molar in human mandible cortical bone. The results showed a clear difference in BAp crystallite alignment along the mesiodistal direction between the alveolar part and the base of mandible, with low alignment in the former and high alignment in the latter. Furuya et al. reported that although alignment was seen only along the mesiodistal direction in the base of mandible in human, it was observed in the direction of masticatory force in the alveolar part 18) . Taken together with the present findings, this suggests that force applied by occlusion affects BAp crystallite alignment in cortical bone in the alveolar part at the first molar in human mandible.
Young's modulus
In recent years, a number of studies have measured Young's modulus in bone by using nanoindentation 15, 16) . Ishimoto et al.
suggested the importance of indentation load hold time in view of its effects on the viscoelasticity of the bone. Nanoindentation, which is normally applied to metals, was shown to also be applicable to bone 16) . In the present study, load hold time was set at 180 sec to allow for factors such as viscoelasticity. Turner et al. investigated the anisotropic properties of Young's modulus in human femur using nanoindentation and found that it was higher in the longitudinal than in the transverse direction 15) .
In the present study, Young's modulus showed significantly higher values in the base of mandible than in the alveolar part along the mesiodistal direction at the mandibular first molar. This suggests that the mandible is influenced by mechanical stress, and that Young's modulus is high in the base of mandible. Moreover, Young's modulus may increase in the direction of masticatory force in the alveolar part. Further study is necessary to evaluate Young's modulus by measurement in the direction of masticatory force.
Relationship between BAp crystallite alignment and Young's modulus
In studies on rabbit ulna, Nakano et al. reported a correlation between BAp crystallite alignment and mechanical function, particularly, Young's modulus. In regenerated bone, Young's modulus has been shown to correlate more closely with BAp crystallite alignment than BMD. The importance of determining BAp crystallite alignment in addition to BMD when examining the process of bone regeneration has been discussed 19) . In the present study, both BAp crystallite alignment and Young's modulus showed higher values in the base of mandible than in the alveolar part. This suggests that BAp crystallite alignment in the alveolar part, which is closer to the teeth, differs from that in other areas of the mandible, and that alignment may also occur in other directions such as that of masticatory force due to occlusal stress.
In contrast, BAp crystallite alignment in the base of mandible is preferentially one-dimensional along the mesiodistal direction, and shows a strong correlation with Young's modulus in the longitudinal direction, similar to in other long bones. In addition, Ogai et al. examined the effects of hemi-occlusion on BAp crystallite alignment and BMD using rabbit mandible and found that whereas alignment was strongly influenced by mechanical stress, BMD was not 20) .
Although BMD can be evaluated using medical imaging modalities such as computed tomography, it is impossible to evaluate bone micro-architecture by such methods. Therefore, it is extremely difficult to arrive at an accurate assessment of bone quality which will also encompass bone strength this way 21) . This suggests the importance of determining BAp crystallite alignment in addition to BMD when evaluating bone strength in a clinical setting.
The characteristics of the mandible have already been discussed in various fields. Anatomically, it is a double structure composed of an alveolar part and a base of mandible. As teeth protrude from the bones of the jaw, this makes the jaw uniquely susceptible to functional pressure from external forces. Mechanical stimulation received from the teeth and the periodontal ligament affects bone morphology, bone elasticity, and trabecular structure 22) .
The current results showed that nano-level bone structure could be used as an indicator of mechanical function in bone. In addition, BAp consists of nano-sized ionic crystals whose structural and functional properties, such as an elastic modulus, strongly depend on crystallographic direction, which may be along the a-or caxis, for example 23) . This indicates that BAp crystallite alignment is not only a histological factor determining the anisotropic properties of the bone micro-structure, but also an important bone quality factor controlling mechanical function.
As multiple parameters of bone quality that reflect mechanical function are likely to exist in addition to BAp crystallite alignment, an overall understanding of these factors is essential. There is, therefore, a need for further research into the influence of various bone quality parameters on mechanical function in each type of bone, with factors such as micro-cracks, the behaviour of osteoblasts, and the collagen crosslink being taken into consideration.
Clinical implications
BMD is commonly used as an indicator for evaluating bone in a clinical setting. However, some phenomena cannot be explained by BMD alone, and attention is being given to other bone quality parameters such as the structural properties of cancellous bone and BAp crystallite alignment. The present study confirmed a correlation between BAp crystallite alignment and Young's modulus, indicating the importance of taking BAp crystallite alignment into account in evaluating bone. A map of BAp crystallite alignment encompassing all the parts of the jaw would provide vital information in determining bone strength, which would be useful in preoperative diagnosis and treatment planning.
